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1. Introduction 
In the frame of the TOPFLOW project, vertical pipe flow is experimentally studied in 
order to develop and validate models for bubble forces as well as for bubble 
coalescence and fragmentation in a gas-liquid two-phase flow. The advantage of the 
TOPFLOW facility (Beyer et al., 2004) consists in the combination of: 
1. large scale test sections with  
2. a wide operational parameter range in terms of both the superficial 
velocities and the system pressure and  
3. a dedicated high-resolution instrumentation, namely the wire-mesh 
sensors. 
In the last years, a large number of experiments in straight vertical pipes (Prasser et 
al., 2004a; Prasser, 2004b; Prasser et al., 2005a; Prasser et al., 2005b) were 
performed for the development of closure relations describing the forces acting on 
bubbles as well as a multi-bubble size model for the code ANSYS CFX 10.0. In the 
current experiments, the large test section with a nominal diameter of DN200 was 
used to study the flow field around an asymmetric obstacle. This is an interesting test 
case for CFD code validation, since the obstacle creates a pronounced three-
dimensional two-phase flow field. Curved stream lines, which form significant angles 
with the gravity vector, a recirculation zone in the wake and a flow separation at the 
edge of an obstacle are common in industrial components and installations. 
Runs were performed with an air-water flow at ambient conditions as well as with a 
steam-water mixture at a saturation pressure of 6.5 MPa. The measurements were 
carried out in the vertical test section of TOPFLOW using a DN200 wire-mesh 
sensor. The wire-mesh sensors are available for ambient conditions as well as for 
saturated conditions at a pressure up to 7 MPa and supply detailed data on the 
instantaneous flow structure with a high resolution in space and time. In particular, 
this allows to visualise the structure of the gas liquid interface. 
 
2. Literature review 
Single and two-phase flows of three-dimensional nature were subject of numerous 
studies found in literature. Most of them dealt with flows around obstacles or, 
respectively, through a sudden expansion or constrictions in general. Similar flow 
fields are found in many engineering applications, like nuclear reactors, chemical 
reactors and power plants in general. A prominent example is the steam-water flow in 
safety valves described by Nishimura et al. (2000) and Boccardi et al. (2004). One of 
the general characteristic of these flows is the formation of vortexes and recirculation 
zones downstream of the obstacle. The majority of the works aims at the prediction 
of the flow field and its main features like length, reattachment point, void fraction and 
velocity field distributions on basis of different modelling approaches. Experiments 
are carried out in order to validate the proposed models. Concerning the choice of 
the fluid, single-phase liquid flow experiments are presented by Anagnostopoulos et 
al. (2004) and Sotiriadis et al. (2005), gas-liquid two-phase studies are found in 
Rinne et al. (1996), Nishimura et al. (2000), Morel et al. (2004), Boccardi et al. 
(2004), Kondo et al. (2002, 2004, 2005) and Ahmed et al. (2005), a pure gas wind 
channel experiment is given in Ota et al. (2001) and particulate liquid-solid flows are 
subject of Founti et al. (2001). Some papers deal with practical problems, like the 
determination of the capacity of safety valves (Nishimura et al., 2000 and Boccardi et 
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al., 2004) and wear in particle laden oil flows (Founti et al., 2001). Details of the flow 
field downstream the geometry change are obtained by LDA (Founti et al., 1998; 
Sotiriadis et al., 2005) and PIV (Anagnostopoulos et al., 2004) or, alternatively, by 
hot-film and hot wire anemometers (Founti et al., 2001, Morel et al., 2004 and Ahmed 
et al., 2005). The gas fraction and the structure of the two-phase flow are measured 
by local probes (Kondo et al., 2002 and Morel et al., 2004) and high-speed camera 
observation by Rinne et al. (1996), Kondo et al. (2002) and Ahmed et al. (2005). In all 
cases, except the wind channel (Ota et al., 2001), the flow domain has a 
characteristic scale of 25 - 100 mm. There are no experiments published dealing with 
high resolution measurements of the flow field in gas-liquid two-phase flows at higher 
pressures and temperatures. It is a unique feature of TOPFLOW to combine a 
comparatively large scale with the ability to perform experiments with steam-water 
mixture at up-to 7 MPa. 
From the shape of the cross-section change, a stepwise expansion dominates, 
because the recirculation areas forming downstream present a challenge to the 
modelling. In one case, a movable piston was applied to create a periodically 
changing cross-section obstruction. The idea of the movable obstacle in our tests is 
different from this methodology, since here the change of the position of the 
diaphragm is used to vary the distance between obstacle and sensor in order to 
obtain 3D parameter fields, and not the degree of obstruction. 
Concerning modelling and simulation, different mathematical approaches were used 
for the numerical simulation, like own implementations of the SIMPLE algorithm in 
Anagnostopoulos et al. (2004), Eulerian particle tracing (Founti et al., 1998, 2001 and 
Kondo et al., 2002, 2004, 2005) including collision modelling (Founti et al., 1998), 
two-fluid models (Morel et al., 2004), Large eddy Simulation, commercial CFD codes 
like CFX (Prasser et al., 2004c) and NEPTUNE by Morel et al. (2004). 3D modelling 
of two-phase flows showed the importance of the correct reflection of the forces 
acting on bubbles according to their diameter. The need to represent measured data 
in 3D appeared in most cases. Sometimes symmetry properties, like radial symmetry, 
were used to concentrate on radial profiles. With our own experiments we faced the 
challenge to create a complex three-dimensional flow field and to characterise it by a 
2D measuring sensor, which was indirectly traversed along the flow direction by 
moving the obstacle.  
Particular results concerning the behaviour of the flow field downstream of an 
expansion are worth mentioning: In a horizontal flow and a liquid-particle flow it was 
found that a second recirculation may happen far from the sudden expansion (Founti 
et al., 2001 and Anagnostopoulos et al., 2004), the reattachment point was 
dependent on particle loading (Founti et al., 1998). A similarity to the influence of the 
void fraction in our case can be expected. The reattachment distance also was 
related to the obstacle dimensions (Ota et al., 2001 and Sotiriadis et al., 2005). The 
movement and behaviour of bubbles incorporated many phenomena. The bubbles 
were deformed and broken by a strong liquid shear field. Also they were not driven to 
the wall after the expansion as an expected effect of the shear layer, which is a result 
of the change of the sign of the lift force coefficient (Kondo et al., 2005). Bubble 
entrainment into recirculation zones was dependent on the Stokes number (Founti et 
al., 1998), sometimes they were trapped in the recirculation zone (Founti et al., 
2001), but they were escaping in case of the occurrence of a large vortex and large 
fluxes (Kondo et al., 2005). If the flow contains slugs, those are broken up on their 
way through the expansion. This changes the flow pattern from slug to bubbly flow 
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(Kondo et al., 2005 and Ahmed et al., 2005). This phenomenon becomes dominating 
at large superficial velocities (Kondo et al., 2002). The effect of the bubble diameters 
on the interfacial area forces was demonstrated by Morel et al. (2004) and Kondo et 
al. (2004). The motion of small bubbles at high superficial liquid velocities needs 
further investigation (Kondo et al., 2005). An increase in the liquid velocity, 
turbulence and drift velocities were marked in Ahmed et al. (2005), the deformation of 
the flow is conserved up-to large distances from the cross-section change and was 
still found even far from the reattachment point (Ota et al., 2001, Kondo et al., 2002 
and Ahmed et al., 2005). This implies that the ordinary flow regime map, which was 
elaborated to characterise the two-phase flow in a straight channel, may be 
inapplicable to complex 3D two-phase flow, and some modification should be 
considered in Kondo et al. (2002). The intensity of reverse and lateral flows was 
marked in Ota et al. (2001). 
 
3. Test facility 
The described experiments were performed at the Two Phase FLOW Test Facility 
(TOPFLOW) located at the Institute of Safety Research of Forschungszentrum 
Dresden-Rossendorf e.V. A general scheme of the TOPFLOW facility is given in Fig. 
3.1. 
 
An electrical steam generator with a power of 4 MW representing the heat source of 
the facility and a heat sink consisting of a blow-down tank to quench the exhaust 
steam, a cooling circuit and a dry cooling tower system are two main infrastructural 
components of TOPFLOW. Between these to ends, the flow passes through various 
Fig. 3.1 General scheme of the thermal-hydraulic test facility TOPFLOW 
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test rigs, which makes up a multi-purpose test facility. The steam is generated in 24 
directly electrically heated stainless steel pipes, supplied from a power transformer. 
The heater circuit can be operated up to a pressure of 7 MPa and generate about 
1,5 kg/s saturated steam at this pressure. The main experimental test rigs are: 
• Two vertical test sections DN50 and DN200, both 9 m tall, for basic two-
phase flow studies. The corresponding maximums of the L/D-ratios are 45 
for DN200 and 180 for DN50. 
• The passive heat removal system, which can be used to study the 
behaviour of passive safety systems for boiling water reactors (as 
emergency condenser). The test vessel has a volume of 18 m³, the tube 
bundle can transfer the full heater power. 
• The pressure chamber (not represented in Fig. 3.1), which is used to 
accommodate test facilities for experiments at 5 MPa, but under pressure 
equilibrium. This allows performing hot pressurized experiments in light 
test facilities with thin or transparent parts for optical or infrared 
observation. The pressure tank has a volume of 40 m³. 
The vertical test sections are equipped with a test section pump to generate the 
water flow up to 50 kg/s, with a steam supply system including mass flow meters and 
with a steam drum for the separation of the two-phase mixture at the outlet of the test 
sections. Big attention was paid to the accuracy of the steam and water mass flow 
measurements, which are performed by standard nozzle flow meters mounted in 
parallel and allow an accuracy of ±1 % over a mass flow range of 3 orders of 
magnitude. 
Additionally to the high pressure steam operation, air-water flow experiments are 
possible. For this purpose, TOPFLOW is equipped with an air supply and metering 
station for up to 900 m³/h. Air is taken from the central pressurised air network of the 
research centre. 
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4. Geometrical boundary conditions 
A three dimensional flow situation is 
obtained by disturbing vertical pipe flow 
with an obstacle. Because it is not 
possible to design a movable wire-mesh 
sensor, the other way around was ap-
plied: the sensor remains stationary and 
the obstacle - a half-moon diaphragm - is 
moved up and down in the DN200 test 
section (Fig. 4.1 and Fig. 4.2). This set-
up will allow the measurement of the 
three-dimensional gas fraction field 
around the obstacle for air-water and 
steam-water experiments up to the 
maximum pressure of TOPFLOW. The 
field can be measured both upstream and 
downstream of the diaphragm, since the 
installation shown in Fig. 4.2 can either 
be flanged from below or from above 
after inverting it. Fig. 4.1 illustrates the 
assembling below the sensor that leads 
to a distance of 6170 mm between the 
injection device and the measuring plane 
of the sensor. If the obstacle is mounted 
above the sensor, this distance is 5110 
mm. Unfortunately, the design of the test 
section does not allow equal distances. 
For this configuration the total height of 
the test section adds up to 9 m. 
The diaphragm (Fig. 4.3) is a half-moon 
shaped disk. Its straight edge is arranged 
along the diameter of the pipe, while the 
circular edge is in a distance of 10 mm 
from the inner wall of the pipe (Fig. 4.4). 
It is made of a 4 mm thick sheet of 
stainless steel. The disk is mounted on 
top of a toothed rod, which is connected 
to a translation mechanism in order to 
change the axial position of the dia-
phragm. To maintain the obstacle in its 
position and to avoid oscillations, the 
toothed rod is handled by a guiding 
flange shown in the centre of Fig. 4.2. A 
pinion mounted to the shaft near the 
bottom flange is driving the toothed rod. 
This shaft establishes the force-fit connection to the worm gear transmission outside 
the tube. 
 
Fig. 4.1 Test section with obstacle and 
wire-mesh sensor 
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The obstacle is driven by a step motor, which is controlled by a personal computer. 
The positioning accuracy of the step motor is in a µm-range, so it does not take any 
effect on the positioning error of the obstacle. Basically, this error is caused by the 
manufacturing tolerance of the toothed rod mechanism and the worm gear transmis-
sion. During pre-tests it was estimated to ±1 mm. 
 
To compensate the thermal expansion of the toothed rod mechanism the 
experiments were executed at steady state thermal conditions. In this case we can 
Fig. 4.2 Sketch of the movable obstacle with driving mechanism - a half-mood 
shaped horizontal plate mounted on top of a toothed rod 
Fig. 4.3 Top and side view of the diaphragm 
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assume, that the toothed rod and the ambient segment of the test section expand 
evenly, because both are made of identical stainless steel. 
 
The height position of the diaphragm is calculated using the value of the step motor, 
considering the transmission ratio of the driving mechanism. It was calibrated while 
toothed rod is slowly moving until a mechanical limitation which defines the maximum 
distance between the moving mechanism and the diaphragm. After this action, the 
height position is automatically set to 10 mm what corresponds to the minimum 
distance between the measuring plane of the wire-mesh sensor and the diaphragm. 
The maximum distance between these two planes is limited to 520 mm caused by 
the guiding flange (Fig. 4.2). 
Fig. 4.4 Mounting position of the diaphragm inside the test section 
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As aforementioned in chapter 3, the gaseous phase is fed on the bottom of the test 
section through a special injector shown in Fig. 4.5. This module consists of a central 
hollow cylinder with a conical head on which 16 thin radial tubes are welded. One 
half of these tubes has 7 drillings and the remaining – 12 orifices. This configuration 
aims to a uniform radial distribution of the gas. All orifices have a diameter of 0.8 mm 
and face downstream. To avoid a gas-leakage at the end of the tubes, they are 
plugged. The mounting position of the injector insight the mixing module of the test 
section is presented at Fig. 4.6. 
 
 
Fig. 4.5 Injector for the gaseous phase with 16 injection tubes and 152 orifices of 
0.8 mm diameter 
Fig. 4.6 Mixing module on bottom of the test section 
 21
5. Experiments and measuring technique 
Measurements were carried out in an air-water flow at ambient pressure and a 
temperature about 30 °C as well as in a steam-water mixture under saturation 
conditions at 6.5 MPa and 281 °C. The high pressure allows reducing the volume 
condensation effects. Few experiments were also performed at 1, 2 and 4 MPa. 
The test matrix given in 
Tab. 5.1 is a selection of 
combinations of super-
ficial velocities for liquid 
and gas. This test matrix 
is a part of the common 
matrix used in the FZD 
for all experiments in the 
vertical test sections. 
Thereby it is possible to 
compare the results of 
the measurements with 
other runs without ob-
stacle. The points mea-
sured with the obstacle 
are highlighted in Tab. 
5.1. The tests at 1, 2 and 4 MPa were performed at JL = 1.017 m/s and the following 
superficial steam velocities: 
• p = 1 MPa JG = 0.534 m/s (140),  
• p = 2 MPa JG = 0.219, 0.534 m/s (118, 140),  
• p = 4 MPa JG = 0.0898, 0.219, 0.534 m/s (096, 118, 140). 
In order to study the two-phase flow around the obstacle the distance between 
diaphragm and mesh sensor was varied as follows: ± 520 mm, ± 250 mm, ± 160 mm, 
± 80 mm, ± 40 mm, ± 20 mm, ± 15 mm, ± 10 mm. Experiment-related, negative 
positions mean that the sensor records the evolution of the flow downstream of the 
diaphragm and positive heights - upstream of it. This is also true for all measuring 
files, see attachment A. To be compatible with the numerical and theoretical 
descriptions in the other reports of the current project, this nomenclature was 
inverted, i.e. in the following sections of this report negative heights stand for flow 
pattern upstream and positive – downstream respectively. 
It might be interesting to compare several runs. Therefore, the same sensor was 
used for air-water- as well as for steam-water tests with the obstacle. The high-
temperature wire-mesh sensor employed (Fig. 5.1) presents the following main 
features: 
• pressure range: up to 7 MPa and temperature range: 286 °C respectively, 
• inner diameter: 193.7 mm, 
• 64 x 64 orthogonal wires -> 3260 measuring points over the cross-section, 
• diameter of the wires: 250 µm, 
• distance between the wires: 3 mm as well as between the two wire-planes: 
also 3 mm. 
Every wire is electrical insulated against the remaining wires and against the body of 
the sensor. At each measuring point, the electrical conductivity between the 
Tab. 5.1 Test matrix of the experiments with the mov-
able obstacle, numbers: test run identifiers 
  gas – superficial velocity 
 
m/s 
0,
03
68
 
0,
05
74
 
0,
08
98
 
0,
14
 
0,
21
9 
0,
34
2 
0,
53
4 
0,
83
5 
1,611 75 86 97 108 119 130 141 152
1,017 74 85 96 107 118 129 140 151
0,405 72 83 94 105 116 127 138 149
w
at
er
 –
 s
up
er
fic
ia
l 
ve
lo
ci
ty
 
0,102 69 80 91 102 113 124 135 146
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transmitter and the receiver electrodes (wires) of the circumfluent medium is 
determined. These analog values are sampled and converted by a special electronic 
device connected to the sensor. After the measurement, the digital data is copied on 
a PC where it is stored for further processing. 
 
To reduce noise, the electronic device was galvanically isolated from the mains 
supply and the mesh sensor solidly grounded. A detailed description of the 
construction and function of wire-mesh sensors is given by Scholz (2000), Prasser et 
al. (2001), Pietruske et al. (2005). These are a proprietary development of the FZD 
and are partly own manufactured. The electronic device and the corresponding 
measuring software are developed and produced in co-operation with the TELE-
TRONIC company (www.tz-rotech.de/teletronic/). 
The quality of the void fraction measurement with wire-mesh sensors may be 
estimated by comparison with other measuring techniques. The gamma radiation 
through an air/water flow with variable superficial velocities of both media and volume 
void fraction between 0 and 100% were done. These experiments showed a 
maximum deviation between the wire-mesh sensor and the gamma radiation of ±5% 
(Prasser, 2000). The radiation of a steam/water flow under ambient conditions 
confirms this statement (Manera et al., 2001).  This error band is quiet large, because 
the gamma ray measurement was not very precise. 
Therefore, tests in an air/water flow were performed with the mesh sensor technology 
and an X-ray tomograph. The X-ray tomography is known as a more sensitive 
technique than gamma radiation. A comparative analysis of the results showed that 
the accuracy of the void fraction averaged over the cross-section depends on the 
Fig. 5.1 Mounted high-pressure wire-mesh sensor DN200, dimensions of the 
measuring matrix 64x64 
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flow regime. Following differences on the absolute void fraction were found by 
Prasser et al. (2005c): 
• in a bubbly flow: ±1% and 
• in a plug flow a systematically underestimation of ca. -4%. 
Furthermore, high-speed video observations were performed by Scholz (2000) to 
evaluate the measurement of the equivalent volume-equal bubble diameter with the 
wire-mesh sensor. It demonstrates the reliable detection of bubble diameters, larger 
or equal then the distance between the wire planes. 
In order to get sufficient information for the assessment of the flow structure, the 
measurements are carried out for 10 seconds under steady state conditions with the 
maximum frequency of 2500 frames per second. The operating conditions (i.e. mass 
flow, pressure, temperature), necessary for the evaluation of measuring data, are 
copied from the process control system of the facility and recorded with the software 
DIAdem (see Beyer et al., 2004). For the synchronisation of the measurements with 
the related operating conditions is used the start-trigger sent by the process control 
system to the wire-mesh sensor electronic device. This trigger and, additionally, the 
measuring period are stored in the matrix of DIAdem. 
 
6. CFX Pre-Test Calculations 
Before the experiments were commissioned, a pre-test calculation was set-up for the 
boundary conditions of the air-water test 074, which was performed at the superficial 
velocities JL = 1.0 m/s and JG = 0.037 m/s. Flow conditions correspond to the bubbly 
flow regime. For the CFD simulation with ANSYS CFX 10.0 the Eulerian two-phase 
flow model was used (see ANSYS, 2005 and Frank et al., 2004), assuming that the 
gaseous phase consists of monodisperse bubbles with a pipe elevation dependent 
equivalent diameter of 4.8-5.2 mm in order to account for the hydrostatic bubble 
expansion. Both phases were treated as non-compressible, i.e. while the bubble 
diameter changes with the pipe elevation, the increase of the gas volume fraction 
caused by pressure decrease is neglected. Bubble drag in accordance to Grace drag 
law, Tomiyama lift force, Frank’s generalized wall lubrication force and the FAD 
turbulent dispersion force have been taken into account (Frank, 2006). Bubble 
coalescence and fragmentation were neglected for this first pre-test simulation, also it 
can be assumed that bubble fragmentation will take place at the edges of the 
obstacle and coalescence might become of importance in regions of bubble 
accumulation i.e. in the wake behind the obstacle. 
Steady state simulations with ANSYS CFX 10.0 were performed on two numerical 
meshes created with ICEM CFD Hexa and consisting of about 119.000 and 473.000 
hexahedral mesh elements. Meshes were generated for half of the TOPFLOW 
geometry assuming axial symmetry. The flow domain for the CFD simulation 
consisted in two 1.5 m long pipe sections situated upstream and downstream of the 
obstacle. Inlet boundary conditions were set to fully developed two-phase pipe flow 
profiles for air and water velocities, radial gas volume fraction distribution, turbulent 
kinetic energy and turbulent eddy frequency. At the outlet cross-section of the 3.0 m 
long pipe section an averaged static pressure outlet boundary condition was used. 
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7. Evaluation of wire-mesh sensor data 
7.1 Time averaged void fraction distributions 
The wire-mesh sensor supplies a time sequence of instantaneous local gas fraction 
distributions within the measuring cross-section (Fig. 5.1). At each crossing point of 
wires belonging to different electrode planes of the sensor a control volume with the 
indexes i,j is formed, from which a gas fraction value εi,j,k is delivered for each time 
sample k. The relation between the indexes i, j, k and the coordinates as well as the 
time are: 
samplefktktyjyxix =Δ⋅=Δ⋅=Δ⋅= ;;  (1)
When the local values are averaged over the total measuring time (in this case 10 s, 
or, respectively, from k = 1 to k = kmax), a two-dimensional void fraction distribution is 
obtained: 
∑
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If it is assumed that the translation of the diaphragm with respect to the sensor 
position can be approximately envisaged as a scan of the three-dimensional void 
distribution around the diaphragm, then the distributions measured for each of the 
distances given in chapter 5 can be combined to result in a full three-dimensional 
void fraction field around the obstacle.  
7.2 Bubble size distributions 
Due to the spatial resolution, it is possible to identify individual bubbles in the sensor 
signal. A bubble is a region of interconnected gas containing elements of the data 
array εi,j,k that is surrounded by elements filled with the liquid phase. The operation of 
the bubble identification described by Prasser (2004b) results in a second three-
dimensional array bi,j,k, which assigns unique identification numbers specific for each 
bubble to each element of the distribution εi,j,k. 
Both arrays εi,j,k and bi,j,k are used to calculate equivalent diameters of the bubbles. 
The volume of a bubble with the identification number n is calculated as follows: 
[ ] nbkjiwtyxV kji
kji
kjibubnbub =∀⋅ΔΔΔ= ∑ ,,
,,
,,, :,,ε
 
(3)
This volume can be transformed into an equivalent diameter of the bubble: 
3 n,bub
n,equ
V6
D π=  (4)
As it can be seen from eq. (3), the extraction of a volume-equivalent diameter Dequ 
requires information about the bubble velocity. This is necessary to specify the 
extension of the control volume formed by a crossing point of electrode wires of the 
sensor, which is equal to the area Δx.Δy within the measuring plane, multiplied by the 
distance the bubble travels during the sampling period Δt, which is equal to Δt.wbub. 
If the bubble velocity is not available, the size of the bubbles can be characterized by 
the diameter of a circle Dxy equivalent to the maximum area occupied by the bubble 
in the measuring plane during its passage through the sensor. The equivalent 
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diameter Dxy characterizes the lateral extension of a bubble (Prasser et al., 2005a 
and Pietruske et al., 2005). The area occupied by a bubble at an instant given by the 
index k is 
[ ] nbkjiyxA kji
ji
kjiknxy =∀ΔΔ= ∑ ,,
,
,,,, :,,ε  (5)
The equivalent diameter in the x,y-direction is calculated from the maximum area: 
( )knxynxynxynxy AAwhereAD ,,max,,max,,, max4 == π  (6)
 
The equivalent diameter Dxy is an alternative to the diameter of the equivalent sphere 
for characterizing the structure of the two-phase flow, when only a single wire-mesh 
sensor is available, as it was the case in the presented experiments.  
Bubble size distributions are constructed by integrating the gas fraction carried by 
each individual bubble over classes of bubble diameters. These histograms 
represent distributions of the partial void fraction over the bubble diameter. Their unit 
is 1/mm or %/mm: 
( ) [ ]mmDf
D
H xy
xy
bub /%,=Δ
Δ= ε  (7)
7.3 Liquid velocity profile 
There is a way to assess time-averaged liquid velocity distributions by evaluating the 
transit time of bubbles through the measuring plane of the sensor. For a hypothetical 
spherical bubble shape, the diameter in all three co-ordinate directions would be 
identical. The deviation from the spherical shape can be taken into account by a 
calibration factor C. On basis of the bubble identification algorithm and the bubble 
diameter measurement described in the previous section, the bubble velocity can be 
expressed as follows: 
nbub
nequ
nxy
nbub wCD
D
Cw ,
3
,
,
,
~~ ⋅=⎟⎟⎠
⎞
⎜⎜⎝
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where 3 ,,
~6~
π
nbub
nequ
V
D =  is a auxiliary equivalent diameter, calculated without involving 
the bubble velocity, i.e. [ ] nbkjityxV kji
kji
kjinbub =∀ΔΔΔ= ∑ ,,
,,
,,, :,,
~ ε . The dimension of 
n,equD
~  is (mm2.s)1/3. In eq. (8) n,bubw~  is the bubble velocity without the correction 
accounting for the deviation from the spherical shape. 
The degree of deformation of a bubble depends on the bubble size, when the 
physical properties of the fluids are constant. For bubbles from a narrow region of 
equivalent diameters of DMB,1 ≤ Dxy ≤ DMB,2, which we call “marker bubbles”, it can be 
assumed that the calibration factor C is constant and independent of the location 
within the measuring cross-section. The same holds for the rise velocity of the 
bubbles Δwbub relative to the liquid velocity. A time-averaged two-dimensional velocity 
distribution of the marker bubbles is found using the local instantaneous gas fraction 
as a weight function. Those elements that belong to bubbles outside the size interval 
defined for marker bubbles are ignored: 
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Due to the constancy of the calibration factor and the bubble rise velocity, the local 
time averaged liquid velocity can be written as follows: 
bubjiMBjiL wwCv Δ−⋅= ,,,,  (10)
In eq. (10) all deviations of the bubble rise velocity relative to the liquid phase due to 
local acceleration of the fluid as well as bubble swarm effects are neglected. In a 
strict sense, eq. (10) is valid only for bubbles rising in resting liquid at low void 
fractions. It was decided not to account for these effects and to restrict the evaluation 
to an approximate assessment of the liquid velocity and the velocity distributions, 
because the assumption of the constancy of the calibration factor for itself is a quite 
rough approach leading to considerable uncertainties. The reliability of the obtained 
velocity profiles is discussed in a separate section of uncertainty analysis (see 
section 10). 
The calibration factor can be obtained by reconstructing the interfacial liquid velocity 
from the two-dimensional profiles of velocity and gas fraction and comparing the 
result to the known superficial liquid velocity in the test pipe: 
( ) ( )jijiL
ji
jijiLjiL vvaJ ,,,
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,,,, 11 εε −⋅=−⋅⋅= ∑  (11)
Where ai,j are weight factors defining the share of the total measuring cross-section 
which is represented by the local control volume of the sensor with the indexes i,j. 
The symbol  denominates a spatial averaging over the measuring cross-section. 
For an arbitrary quantity distributed over the measuring cross-section, the averaging 
is performed as follows: 
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After combining eq. (10) and eq. (11), the calibration factor can be made explicit: 
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After the calibration, a liquid velocity distribution is calculated using eq. (10). The 
calibration factor can only determined in the described way when the two-
dimensional measuring plane is free from regions with flow recirculation. In case of 
the experiments with the movable diaphragm, this can be guaranteed only when the 
sensor was located upstream the diaphragm. As the experimental results shows, the 
flow downstream of the half-moon shaped plate was often affected by a large 
recirculation area. Since the marker bubble method does not distinguish between 
upwards and downwards motion of bubbles, in both cases, a positive velocity is 
measured. In the result, the superficial liquid velocity in such a cross-section is 
overestimated by eq. (11) for given velocity and gas fraction profiles, because for a 
correct integration of the superficial velocity the velocity in the downwards flow 
regions within the cross-section enter with a positive instead of a negative sign. 
Consequently, the calibration factor obtained after the transformations is under-
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estimated. For this reason, a calibration according to eq. (13) was performed only for 
negative distances between sensor and diaphragm, namely for Δz = -520, -250, -160, 
-80, -40, -20, -15, -10 mm. The individual calibration factors were averaged and the 
average factor was applied also for the positive distances Δz = 10, 15, 20, 40, 80, 
160, 250, 520 mm. In order to keep the bubble deformation and the bubble rise 
velocity in a narrow band, the interval for the diameter of the marker bubbles was set 
to 4 - 5 mm. First, this is a compromise between the tendency to make marker 
bubbles as small as possible to approach the spherical shape as much as possible, 
and the advantage of bubbles around 6 mm equivalent diameter, for which the rise 
velocity is nearly bubble-size independent (Fig. 7.1). Secondly, the limits have to be 
defined in a way, that there are still enough bubbles found in the selected interval. 
In Fig. 7.1, the rise velocity is 
shown as a function of the 
equivalent bubble diameter as 
well as of the maximum 
diameter of the bubble that is in 
reality deformed. The correla-
tion of Wellek (Wellek et al., 
1966) was used to predict the 
maximum diameter of the 
ellipsoidal bubble as a function 
of the Eötvös number. The 
diameter in x,y-direction which 
was used to characterize the 
bubble size for this method, lies 
between the equivalent diame-
ter and the maximum diameter 
according to Wellek. For both 
extreme values of the diameter, 
the bubble rise velocity is nearly 
the same and has a value of 
about 0.235 m/s, which was used in eq. 10 and 13. 
7.4 Void fraction distributions decomposed according to bubble size classes 
The assignment of bubble numbers bi,j,k to the elements of the local instantaneous 
gas fraction array εi,j,k allows to calculate bubble-size selective time averages of the 
void fraction: 
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These bubble-size resolved void fraction distributions grant access to the spatial non-
uniformity of the flow structure. They can either be plotted as distributions of the void 
fraction for selected bubble-size classes or as local bubble size distribution. 
7.5 Assessment of lateral bubble velocities 
The attempt was made to get a rough estimate for the movement of the bubbles 
within the measuring plane of the sensor. Due to the asymmetric obstruction of the 
pipe, the flow cannot be considered axially parallel, i.e. significant lateral components 
for both gas and liquid velocities have to be expected, which are most pronounced in 
 
Fig. 7.1 Relative bubble rise velocity calculated 
on basis of the drag force as a function 
of the equivalent and the maximum 
bubble diameter, see Schiller et al. 
(1933) 
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the direct vicinity of the diaphragm. In fact, a visualization of time sequences of two-
dimensional instantaneous gas fraction distributions captured by the wire-mesh 
sensors show lateral movements of bubbles while they cross the measuring plane. 
Unlike the estimation of the axial velocity which needed the use of the marker-bubble 
method described above, the estimation of the lateral velocity of a bubble was made 
by directly tracking the transversal movement of the centre of mass of its two-
dimensional image. When some bubble passes the wire mesh it will be divided 
axially into several slices in the measuring plane. Each slice corresponds to a 
measuring time step i. The points belonging to a specific bubble are identified by the 
bubble number n, i.e. an element with the indices i,j,k belongs to bubble n if bi,j,k = n. 
The centre of mass of each slice of the bubble can be found by averaging the x and y 
coordinates of each element that belongs to the given bubble weighted by the local 
instantaneous gas fraction εi,j,k: 
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The components vx,n and vy,n of the velocity of bubble n are found by a linear 
regression of the available time sequence of coordinates of the centre of mass during 
the bubble passage. The result of the linear fit is presented in the form: 
xn,xn,CM ctv)t(x +⋅=   yn,yn,CM ctv)t(y +⋅=  (16)
where the constants cx and cy are meaningless. To obtain an average gas velocity in 
every point (i,j) of the plane, void fraction weighted time-averages of these two 
quantities were calculated over all bubbles found during the total measuring period 
(tmeas = 10s = Δt.kmax): 
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The resulting time-averaged velocities provide an estimation of the lateral velocity 
field. This calculation was made for all available distances upstream and downstream 
of the diaphragm. 
8. Experimental results 
8.1 Typical observations 
The discussion of results in the following chapters is focused on some selected test 
points. A complete series of plots of all test points as well as a description of the data 
files and file name conventions is added in the attachments A - C. 
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A quite typical flow field is found in the air-water test 097 at JG = 0.09 m/s and 
JL = 1.6 m/s (Fig. 8.1). The figure presents void fraction and velocity distributions at a 
plane that represents a central cut along the pipe axis, perpendicularly to the linear 
edge of the half-moon shaped diaphragm. Furthermore, two-dimensional distributions 
in each of the 16 measuring planes are given, together with a graphical indication of 
their axial location.  
 
Fig. 8.1 Time averaged void fraction and liquid velocity distributions up- and 
downstream of the obstacle in the air-water test run 097, JL = 1.611 m/s, 
JG = 0.0898 m/s 
 30
The undisturbed flow at the conditions of this test is characterized by a wall peak of 
the void fraction profile, which can be found up to the axial position 160 mm 
upstream of the diaphragm. Closer to the diaphragm, i.e. 80 mm upstream of it, the 
influence of the cross-section obstruction becomes evident. The velocity profile 
becomes asymmetric with a more and more pronounced maximum on the 
unobstructed side. 
On the front side of the diaphragm a stagnation point is clearly visible in the velocity 
plot. In the same time, this region shows a local minimum of the void fraction. On the 
curved stream lines upstream of the stagnation point, the fluid experiences a strong 
acceleration. In the result, the heavier phase, i.e. the water, is accumulated and the 
gaseous phase is moved out of the stagnation region. 
High velocities are found both in the unobstructed part of the pipe cross-section as 
well as in the 10 mm wide gap between the circular edge of the obstacle and the pipe 
wall on the other side. The flow separates from the edge of the diaphragm and a high 
velocity jet downstream of the obstacle is formed. On the side of the unobstructed 
half of the cross-section, the jet ranges beyond the end of the measuring domain, i.e. 
the equilibrium profile found 520 mm upstream of the obstacle is not re-established at 
the distance of 520 mm downstream. The jet is slightly bended towards the 
obstructed side of the pipe. It can be concluded that fully developed flow profiles 
require an inlet length of much more than L/D = 2.5 to establish. A velocity peak is 
also found downstream of the 10 mm wide circular gap between obstacle and pipe 
wall on the side opposite to the main jet, though this maximum vanishes after about 
L/D = 1. 
 
Both high velocity regions show low void fractions. The former wall peak of the void 
fraction profile remains on the unobstructed side, while it almost vanishes on the side 
Fig. 8.2 Time averaged void fraction distributions decomposed in bubble-size 
classes up- and downstream of the obstacle in the air-water test run 097, 
JL = 1.611 m/s, JG = 0.0898 m/s, T = 30 °C 
 31
of the obstacle. Upstream of the diaphragm there is a void maximum formed that 
nearly follows the linear edge of the half-moon plate. It is presumably caused by a 
repelling action of the lift force caused by the strong velocity gradient at the boundary 
of the jet that starts to form. Later, downstream of the obstacle, a similar effect is 
found again, causing a quite complicated two-dimensional gas fraction distribution. 
On the one hand side, there is a stripe of gas accumulation everywhere, where a 
boundary to a high velocity region is present. In the end, this results in a hole in the 
void fraction distribution 520 mm above the obstacle, which can be qualified as a 
coherent structure, which is probably caused by the repelling effect of the lift force. 
Later it will be shown that this structure is not found in experiments with steam-water 
mixture at high pressure. This finding supports the hypothesis of the dominating 
effect of the lift force, since the lift force reversal according to Tomiyama shifts 
towards smaller bubble sizes when pressure and temperature are increased, 
compare Tomiyama et al. (1995) and Tomiyama et al. (1998). 
A look into the present bubble sizes nevertheless reveals peculiarities compared to 
the findings of Tomiyama. Void fraction distributions decomposed into bubble size 
classes are shown in Fig. 8.2. It is clearly visible that the obstacle provokes a growth 
of bubbles, since lateral diameters of larger then 5.8 mm scarcely found upstream of 
the diaphragm become dominating in the wake of the obstacle. Even bubbles that 
are much larger than the critical diameter according to Tomiyama cannot enter the 
almost bubble-free jet still observed at 520 mm above the obstacle. This effect 
requires further investigation. Furthermore it can be seen that the earlier mentioned 
double-peak in the two-dimensional void fraction distribution at the position 40 mm 
downstream of the obstacle is mainly caused by bubbles of more than 7 mm lateral 
diameter. 
On the other hand, there is a 
strong gas fraction maxi-
mum, corresponding to an 
elliptical region with a local 
velocity maximum at about 
L/D = 0.5 straight above the 
obstacle, which is obviously 
a recirculation area. This can 
be deduced from the super-
ficial liquid velocities calcu-
lated using eq. (11). When 
this value is plotted as a fun-
ction of the axial location 
(Fig. 8.3), it is found that the 
reconstructed superficial ve-
locity significantly exceeds 
the set value known from the 
boundary conditions of the 
test. Remember, that the 
calibration coefficient was kept constant and equal to the value obtained as an 
average for all level upstream of the obstacle, i.e. where recirculation regions can be 
excluded. The fact that a maximum, and not a minimum is seen, is caused by the fact 
that the marker bubble method is not sensitive to the direction of the bubbles. The 
bubble velocities estimated by relating the lateral extension of the bubbles to their 
Fig. 8.3 Reconstructed superficial liquid velocities 
as a function of the distance between 
obstacle and sensor for the air-water tests 
091, 094, 096 and 097 at JG = 0.0898 m/s 
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passage time are always positive. Therefore, in a recirculation area a local maximum 
is found. If a part of the cross-section is affected by downwards flow, the volume flow 
rate in this region is added to the flow rate in the upwards flow region and the 
reconstructed superficial velocity is systematically overestimated. 
 
The strong accumulation of the gaseous phase observed within the recirculation area 
reaches its absolute maximum of the void fraction is found 160 mm downstream. 
Fig. 8.4 Time averaged void fraction and liquid velocity distributions up- and 
downstream of the obstacle in the steam-water test run 097 at 6.5 MPa, 
JL = 1.611 m/s, JG = 0.0898 m/s (at injection position) 
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Bubbles with a lateral diameter of less than 4.8 mm do not contribute to the gas 
accumulation in the recirculation region. Close to the obstacle (at z = 20 mm), the 
gas accumulation covers almost the entire backside of the half-moon shaped plate. 
More downstream, the bubbles are transported towards the central region of the 
pipe. At the position 40 mm above the obstacle, the gas fraction distribution clearly 
shows two large maximum regions, which are outside the centre plane and therefore 
do not appear in the centre plane plot. 
 
Fig. 8.5 Time averaged void fraction and liquid velocity distributions up- and 
downstream of the obstacle in the steam-water test run 108 at 6.5 MPa, JL 
= 1.611 m/s, JG = 0.140 m/s (at injection position) 
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Fig. 8.4 in general shows similar structures of the void fraction and velocity 
distributions despite of already mentioned the fact that the hole in the void fraction 
distributions 520 mm downstream of the obstacle is not observed. 
The overall void fraction is significantly lower, which has to be attributed to some 
steam condensation occurring in the test section. This is due to a sub-cooling of the 
liquid phase, which is inevitably caused by the pressure drop in the test section and 
the pipe connecting it to the steam drum, where finally saturation conditions are 
present. 
A better agreement of the overall void fraction is achieved in test 108, that was 
carried out at an identical superficial liquid velocity, but at a higher steam injection of 
JG = 0.14 m/s (Fig. 8.5). In both tests 097 and 108, the initial void fraction distribution 
at z = - 250 mm is characterized by a central peak in contrast to the wall peak found 
in the air-water experiments. This is another consequence of the shift of the lift force 
reversal to smaller bubble diameters at higher temperatures according to Tomiyama 
(Tomiyama et al., 1995 and Tomiyama, 1998). Void fraction distributions for the test 
108 decomposed according to bubble-size classes are shown in Fig. 8.6. 
 
8.2 Tendencies with changing superficial liquid velocity 
When, starting from the air-water test 097, the superficial liquid velocity is decreased, 
while the superficial air velocity is kept constant at JG = 0.09 m/s, then some 
qualitative changes in the structure of the void fraction distributions is observed (Fig. 
8.7). Due to the decrease of the velocity gradient at the pipe wall, the wall peaked 
profile in the undisturbed region upstream of the obstacle is no more found at liquid 
velocities below 1 m/s. For similar reasons, the oval region depleted from gas 
Fig. 8.6 Time averaged void fraction distributions decomposed in bubble-size 
classes up- and downstream of the obstacle in the steam-water test run 
108 at 6.5 MPa, JL = 1.611 m/s, JG = 0.140 m/s (at injection position) 
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520 mm above the obstacle is no more found in the tests 094 (JL = 0.4 m/s) and 091 
(JL = 0.1 m/s), while it is still present in test 096 at JL = 1.0 m/s. 
 
 
Another tendency is found in the void fraction close to the stagnation point. In the test 
096 (JL = 1.0 m/s) there is still a decrease of the void fraction found in front of the 
obstacle, similar to case 097 at JL = 1.6 m/s, but the lower velocity in test 094 
Fig. 8.7 Effect of the variation of the superficial liquid velocity on the time averaged 
void fraction distributions up- and downstream of the obstacle in the air-
water test runs 091, 094, 096 and 097 at JG = 0.0898 m/s 
Fig. 8.8 Overview of the time averaged void fraction (left) and liquid velocity (right) 
distributions along a vertical plane perpendicular to the linear edge of the 
half-moon shaped plate in the region downstream of the obstacle for all 
air-water experiments according to the test matrix at Tab. 5.1 
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(JL = 0.4 m/s) is no more sufficient to expel the bubbles from the stagnation point 
region. In test 091 at JL = 0.1 m/s, there is even an increase of void fraction in front of 
the obstacle that is caused by the pile-up of rising bubbles. 
Downstream of the obstacle, the decrease of the liquid velocity leads to a shrinking of 
the recirculation area, which is completely missing at JL = 0.1 m/s (test 091). A 
depletion of the gas phase from a region closely above the obstacle is observed, 
instead, in the tests 094 and 091. 
Experiments carried out at different gas injection rates mostly behave similar to the 
discussed cases with JG = 0.09 m/s, independently from whether the superficial air 
velocity is higher or lower (see overviews in Fig. 8.8 and Fig. 8.9). Differences were 
observed concerning the wall peak in the air-water experiments of the gas fraction 
profile in the undisturbed region upstream of the obstacle, which is vanishing at 
higher superficial gas velocities, when the horizontal line of JL = 1 m/s in the test 
matrix (Tab. 5.1) is followed towards high gas flow rates (see attachment B). The 
highest superficial gas velocity, where a wall peak was found, was reached in test 
point 096 at JG = 0.09 m/s. Starting from JG = 0.22 m/s (point 118) the profiles are 
completely changed to a central peaked one. 
 
8.3 Lateral bubble velocities 
Plots of the lateral velocity components in x and y directions show the deviation of 
the flow around the obstacle (Fig. 8.10 and Fig. 8.11). The vectors in these figures 
represent the average velocity of the instantaneous cross-sections of all bubbles in 
the time interval when they pass the measuring plane. The data of the air-water test 
point 097 is presented. For a better visualization the colour of the vectors indicates 
Fig. 8.9 Overview of the time averaged void fraction (left) and liquid velocity (right) 
distributions along a vertical plane perpendicular to the linear edge of the 
half-moon shaped plate in the region downstream of the obstacle for all 
steam-water tests at 6.5 MPa according to the test matrix at Tab. 5.1 
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the absolute value of the lateral velocities and corresponds to the length of it. Blue 
means minimal – and yellow maximal velocities respectively. 
  
z = -520 mm 
 
z = -160 mm 
 
 z = -80 mm 
  
z = -40 mm 
  
z = -20 mm 
  
z = -10 mm 
Fig. 8.10 Vector plots of the lateral velocity components upstream of the obstacle in 
the air-water test 097 at JL = 1.611 m/s and JG = 0.0898 m/s 
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z = 10 mm 
  
z = 20 mm 
  
z = 40 mm 
 
z = 160 mm 
  
z = 250 mm 
 
z = 520 mm 
Fig. 8.11 Vector plots of the lateral velocity components downstream of the obstacle 
in the air-water test 097 at JL = 1.611 m/s and JG = 0.0898 m/s 
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At maximal distance upstream of the 
diaphragm (Fig. 8.10, z = -520 mm), the 
vector field is dominate by a statistical 
scattering of the velocities except at the 
periphery of the pipe cross-section, where 
an unphysical tendency to deliver velocity 
vectors that point in a radial outwards 
direction is found. Since the influence of 
the diaphragm starts to be recognizable 
only at about z = -160 mm, it can be 
assumed that there is a parallel flow at the 
maximal distance. The outwards pointing 
vectors are therefore to be considered the 
result of a systematic measuring error 
(discussion in section 10.3). 
At z = -160 mm upstream of the obstacle, a 
pronounced lateral fluid movement from the 
obstructed to the unobstructed side of the 
pipe starts to develop. It becomes more 
and more intensive the more the dia-
phragm is approached. Soon the diverging 
flow pattern caused by the stagnation point 
starts to become visible on the obstructed 
side. At the closest distance of z = -10 mm, 
the contour of the half-moon shaped plate 
is clearly reflected in the vector plot. 
The latter is found even in a more 
pronounced way in the vector fields closely 
downstream of the obstacle (Fig. 8.11). On 
the unobstructed side, the vectors continue 
to point away from the obstacle still until z = 
+40 mm, where for the first time the vectors 
inverse. This corresponds to the shape of 
the jet found on the unobstructed side, 
which is bended towards the free side of 
the cross-section closely after the flow 
separation and later towards the obstructed 
side (see Fig. 8.1). 
Straight above the half-moon shaped plate, 
a similar flow pattern is found as below. 
Here, again diverging vector field is found 
that corresponds to a stagnation point, 
which this time is formed on the down-
stream side of the obstacle. This is a clear 
indication for a downwards flow in the wake 
of the half-moon plate and confirms the 
hypothesis of a recirculation in this region. 
At z = +160 mm, the vector field turns to a 
converging one, because this is the upper 
 
Fig. 8.12 Vector plots combining the 
lateral and axial velocity 
components, test run 097 
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end of the recirculation region. At the two last measuring positions (z = +250 and 
+520 mm) there is a dominating flow from the unobstructed towards the obstructed 
side of the pipe cross-section that is necessary to re-establish an equilibrium velocity 
profile, which was not reached again within the available range of the obstacle 
translation in none of the tests.  
Using the assumption that the lateral movement of the bubbles relative to the liquid 
can be neglected due to the domination of the bubble rise, a vector field of the liquid 
velocity in the vertical mid-plane of the pipe perpendicular to the linear edge of the 
half-moon shaped obstacle can be constructed by combining the lateral and the axial 
velocities. The result for the air-water test run 097 is shown in Fig. 8.12. In this figure, 
the axial velocity components in the recirculation region were inverted manually. This 
operation was limited to a region that is surrounded by a belt where the velocity is 
found to be close to zero. The spatial resolution of the vector plot was reduced 
compared to the resolution of the mesh sensor by factor of two in order to keep the 
picture transparent. The overall structure of this field is typical for all test runs with 
superficial liquid velocities of 1 and 1.6 m/s. For smaller superficial liquid velocities, 
the vector plots are much more affected by noise, which makes the interpretation 
difficult. 
 
9. Comparison between the CFX Pre-Test Calculation and the 
experimental data 
In preparation for the direct comparison of the CFD results with the experiments the 
3D dataset from the wire-mesh sensor has been imported into the CFX graphical 
postprocessor in order to allow for the application of identical data processing, colour 
schemes and therefore a more direct comparison of the CFD results and 
experimental data. Since experimental data have a fine (64×64) planar resolution in 
the x-y-plane but a limited coarser resolution in z-direction with respect to measuring 
planes, a pre-interpolation of the experimental data in z-direction has been applied 
with an axial resolution of the interpolated data with Δz = 1 mm. 
As aforementioned in chapter 6, in preparation for the experiments were carried out 2 
steady-state ANSYS CFX calculations on different grids. Already the calculation on 
the coarse grid has qualitative reproduced the structure of the two-phase flow field 
around the diaphragm for test conditions of TOPFLOW-074. This concerns shape 
and extension of the recirculation area, the stagnation zone upstream of the 
diaphragm as well as the velocity maximum in the non-obstructed part of the cross-
section and the void fraction maximum in the recirculation area. Smaller details, like 
the velocity maximum above the gap between the circular edge of the obstacle and 
the inner wall of the pipe are also found in a good agreement between experiment 
and this calculation. 
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A comparison of the pre-test calculation on the finer grid with measurement data are 
shown in Fig. 9.1 for absolute water velocity and gas volume fraction distributions. 
The velocity field behind the obstacle shows the same location and intensity of the 
recirculation zone and stagnation regions on the obstacle surface. The reattachment 
length of the flow to the pipe wall downstream the obstacle is slightly increased in the 
CFD simulation, which is probably linked to the higher amount of entrained gas void 
fraction in the vortex behind the obstacle. Furthermore the present simulation tends 
to over-predict the void fractions in the wake. This is a result of the assumption of a 
mono-disperse bubbly flow with a bubble size differing from reality and neglecting 
bubble coalescence with formation of larger bubbles in the wake of the obstacle. The 
agreement can be improved by using measured bubble-size distributions from the 
region upstream of the obstacle as a boundary condition for post-test calculations or 
by application of the inhomogeneous MUSIG model for the prediction of bubble size 
distributions from local flow conditions. 
 
10. Uncertainty analyses of the velocity assessments 
10.1 General remarks 
The methods presented to obtain profiles of the axial as well as lateral components 
of the liquid respectively the bubble velocities reveal valuable insight into the 
structure of the flow surrounding the obstacle, although it is clear that high accuracy 
cannot be expected. Firstly, in case of the profiles of the axial liquid velocity, the 
method has to rely on an assumption about the constancy of the shape of marker 
bubbles in terms of the relation between their lateral and axial extension. This ratio 
nevertheless may vary in dependence on many parameters within the profile present 
in the measuring cross-section, while the calibration is done on basis of an integral 
Fig. 9.1 Confrontation of experiment and CFX pre-test calculation by comparison 
of time averaged void fraction and liquid velocity distributions up- and 
downstream of the obstacle in the air-water test run 074, JL = 1.017 m/s, 
JG = 0.0368 m/s 
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superficial velocity. Additionally, a velocity dependent effect of the sensor itself 
causing a deformation of the marker bubbles can contribute to the error. 
Secondly, the flow in the vicinity of the obstacle experiences strong accelerations. In 
the resulting pressure field, the bubble rise velocity can no more be considered to 
remain a constant value, like it was done in eq. 10. Additionally, non-zero lateral 
components of the relative bubble velocity have to be expected in these regions. 
Both effects requires special attention, since it has to be demonstrated, that it dues 
not qualitatively distort the determined velocity distributions and vector fields. 
In case of the lateral bubble velocity, the measurement is much more direct, although 
a considerable disturbance of the wire grids has to be expected. Bubbles that 
perform a lateral movement within the measuring plane are supposedly much more 
obstructed by the electrode wires, than bubbles penetrating the plane in axial 
direction, since the first come in contact with more electrode wires. 
10.2 Liquid velocity estimation by marker bubble method 
10.2.1 Reconstruction of the superficial liquid velocity 
The quality of the reconstruction of the superficial liquid velocity on basis of the 
calibration coefficient C that is obtained by averaging the result of eq. (13) over all 
undisturbed measuring positions upstream of the obstacle, allows conclusions about 
the accuracy of the achieved measurement of the axial liquid velocity. In the optimal 
case, the superficial liquid velocity obtained from eq. (11) using the liquid velocity 
distribution according to eq. (10) is equal to the value corresponding to the set liquid 
flow rate in the given test, except in those measuring planes, which were affected by 
a recirculation. As discussed before, at those positions, the reconstructed superficial 
velocity must be bigger than the one corresponding to the water supply rate.  
Typical axial runs of the reconstructed superficial liquid velocity curves are shown in 
Fig. 8.3 for the air-water test points 091, 094, 096 and 097, i.e. at a constant 
superficial gas velocity of JG = 0.0898 m/s. They reveal that, in reality, the 
reconstructed superficial liquid velocity is not perfectly constant. Closely upstream of 
the obstacle, the inhomogeneous pressure field generates systematic measuring 
errors that affect the integral superficial velocity. In the recirculation region behind the 
obstacle, the reconstructed values are by about 20 % higher than the superficial 
velocity corresponding to the water volume flow. Test point 091 is an exception from 
this observation, since a recirculation is not found at the lowest liquid flow rate 
(compare Fig. 8.8). 
Further downstream, the reconstructed superficial liquid velocity falls back even 
below the value arising for the water supply. It can be concluded that at this point the 
recirculation region has ended and the further decrease is caused by other error 
contributions. The superficial velocity at the most distant position (z = +520 mm) is 
more than 20 % below the set value at JL = 1.611 m/s. The error decreases towards 
smaller liquid velocity and practically vanishes at JL = 0.405 m/s. The nature of the 
errors generating these deviations is not known. It must be assumed that additional 
effects of bubble deformation in the vicinity of the strong liquid jet downstream of the 
obstacle may be the reason. The found underestimation of the superficial liquid 
velocity characterises the general magnitude of these effects. 
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10.2.2 Comparison with cross-correlation 
A direct measurement 
of an average bubble 
velocity by cross-cor-
relation between a pair 
of sensors put into the 
flow in a short distance 
between each can be 
used to check the cor-
rectness of the propo-
sed marker bubble 
method. Experimental 
data from the large ver-
tical test suitable for 
such a comparison 
were obtained in earlier 
air-water test series 
without the obstacle, 
for which two identical 
mesh sensors were 
available. The vertical 
test section was equip-
ped with the same gas 
injector used in the 
experiments with the 
half-moon shaped ob-
stacle. 
The direct gas velocity measurement is performed by a point-to-point cross-
correlation analysis between the signals of the first and the second wire-mesh 
sensor. The flow in the test section was not disturbed by non-axisymmetric inserts. It 
can therefore be assumed that all measured averaged quantities are only functions 
of the radius. Cross-correlation functions were averaged over ring-shaped domains 
to obtain radial gas velocity profiles (Prasser et al., 2005a). 
Until now, it was not possible to cross-correlate the wire-mesh sensor signals for the 
experiments in a bubble-size selective way, since the cross-correlation coefficients 
are too small to obtain stable maxima in cases with liquid velocities below 1 m/s. For 
this method, the applied distance of 65 mm between the sensors is too large. In order 
to get close to a characterization of the velocity of marker bubbles with a diameter 
Dxy between 4 and 5 mm, experimental points with low superficial air velocity were 
selected, where the bubble-size distributions are as close as possible to the size of 
the selected marker bubbles. The points chosen from the test matrix were recorded 
at a superficial gas velocity of JG = 0.0096, 0.0151 and 0.0235 m/s and at various 
superficial liquid velocities between JL = 0.102 and 1.611 m/s (test points 036 - 042, 
047 - 053 and 058 - 064). Parallel to the cross-correlation analysis, the data was 
treated by the marker bubble method. The bubble size distributions for these test 
runs are shown in Fig. 10.1. At low superficial liquid velocities, there is a most 
probable bubble diameter of about 6 - 7 mm, which decreases down to about 3 mm 
when the superficial velocity is increased to 1 - 1.6 m/s. In all cases, enough void is 
in the diameter range chosen for the marker bubbles. 
Fig. 10.1 Bubble size distributions in the air-water tests 
performed at the test section DN200 without 
obstacle and with a pair of wire-mesh sensors 
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In Fig. 10.2, radial ave-
raged uncorrected mar-
ker bubble velocities 
MBv  are compared to 
the gas velocities 
obtained by the cross-
correlation vG,corr. The 
variation of the velo-
cities within each test 
regime is the result of 
the radial velocity pro-
file. The fact that the 
individual data points 
are arranged in a near-
ly linear manner con-
firm the applicability of 
the marker bubble me-
thod. Some points es-
caping from the main 
trend are due to errors 
of the cross correlation. 
The slope is close to 1 
which nearly agrees to 
the calibration coeffi-
cients found in the ana-
lysis of the data from 
the obstacle experi-
ments, which were in 
the range between 0.7 and 1.3. 
10.2.3 Assessment of the influence of acceleration and deceleration 
A second important issue is the assessment of the systematic measuring error that is 
introduced into the velocity distributions by the action of the strong acceleration or, 
respectively deceleration of the flow in the surroundings of the obstacle as well as a 
certain influence of strong velocity gradients. The marker bubble method described in 
section 7.3 is based on the assumption that the local axial component of the liquid 
velocity can be deduced from the marker bubble velocity minus the bubble rise 
velocity relative to stagnant liquid calculated for the chosen marker bubble size. If the 
flow experiences a strong acceleration, the real bubble velocity relative to the water 
phase may significantly deviate from this value. If, for example, the flow is 
accelerated, like on the non-obstructed side of the pipe, the additional pressure 
gradient amplifies the hydrostatic pressure gradient and an increase of the relative 
bubble rise velocity is observed. On the other side, the increase of the bubble rise 
velocity cannot take place instantaneously because of the counteraction of the inertia 
of the bubble, which is enhanced by the added mass force. 
A direct analysis of the uncertainties arising from the mentioned effects is very 
complicated, since the accelerations would have to be calculated by differentiating 
velocity distributions that are affected by the systematic errors themselves. 
Accelerations are therefore available only in an implicit way. Furthermore, the 
differentiation amplifies statistic fluctuations of the velocities. 
Fig. 10.2 Comparison between the non-calibrated marker 
bubble velocities and gas phase velocities 
obtained by cross-correlation between a pair of 
wire-mesh sensors from radial profiles obtained 
during air-water tests at the vertical test section 
DN200 without obstacle 
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It was therefore decided to assess the influence of the acceleration on basis of the 
modelling results obtained by CFX-10. The calculation took into account all relevant 
bubble forces except the added mass force. Since the latter leads to a longer 
conservation of the undisturbed bubble velocity in an accelerating or decelerating 
velocity field, it was assumed that the results obtained when the added mass force is 
omitted are conservative, i.e. neglecting the added mass force leads to systematic 
deteriorations of the measured liquid velocity field larger than in reality. 
Calculation results are available only for the test point 074 with JL = 1.017 m/s. It can 
be assumed that the magnitude of the errors defined for the conditions of this test 
point are conservative for all test points with a lower superficial liquid velocity, where 
the acceleration effects are less pronounced. In case of those points at 
JL = 1.611 m/s higher errors have to be expected. 
The easiest way to assess the applicability of eq. 10, i.e. check if the assumption of a 
constant relative marker bubble velocity is acceptable, is a comparison between the 
liquid velocity distribution calculated by CFX with a simulated measuring result, 
obtained from the calculated gas velocity distribution by subtracting the constant 
bubble rise velocity of 0.235 m/s. A focusing on the range of marker bubble 
diameters (4 - 5 mm) is not necessary, since the CFX calculation was performed with 
mono-disperse bubbles of 5 mm diameter.  
The result is shown in Fig. 10.3, where the calculated liquid velocity distribution (left) 
is compared to the simulated measurement using the constant bubble rise velocity 
(right). It is clearly visible, that the acceleration effects do not deteriorate the 
distribution in a qualitative way. Examples for quantitative deviations are the slight 
overestimation of the size of the deceleration region in front of the stagnation point 
and the small local velocity minimum close to the centre of the recirculation area at 
z = 10 mm. More quantitative details are visible in Fig. 10.4 - Fig. 10.5, where the 
deviation caused by the acceleration is plotted directly. In the lateral profiles of the 
axial velocity in Fig. 10.5, the curves represent the simulated measuring results, 
while the error bars point at the real calculated axial liquid velocities. In all figures, 
absolute values are shown, i.e. the recirculation area is characterized by a local 
maximum. 
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Fig. 10.3 Effect of the acceleration and deceleration of the fluid in the vicinity of the 
obstacle, assessed by comparing the liquid velocity distribution with the 
simulated measuring result by subtracting a constant bubble rise velocity 
from the gas velocity for the results of the CFX pre-test calculations, test 
074, JL = 1.017 m/s, JG = 0.0368 m/s 
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It is concluded that the marker bubble method can lead to systematic errors caused 
by acceleration, which are in the range of 10 - 20 % of the amplitude of the velocity 
profiles. Locally, the error can of course be bigger. The error rapidly decreases with 
growing distance from the obstacle. 
Fig. 10.4 Velocity measuring error due to acceleration and deceleration of the fluid 
in the vicinity of the obstacle, assessed on basis of the results of the CFX 
pre-test calculations, test 074, JL = 1.017 m/s, JG = 0.0368 m/s 
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10.3 Lateral bubble velocities 
For the time being, there 
is only a way to asses the 
influence of the bubble 
deformation in the shear 
field close to the wall on 
the result of the lateral 
velocity estimation. At the 
position z = -520 mm up-
stream of the obstacle, 
the flow can be envisa-
ged as axisymmetric. The 
lateral components of the 
bubble velocity are there-
fore equal to zero. Ellip-
tically deformed bubbles 
that have a preferable 
inclination of their semi-
minor axis towards the 
pipe wall cause an appa-
rent lateral velocity com-
ponent that is directed 
towards the wall, too. 
This is due to the fact that 
the centre of mass of the 
part of the measuring 
cross-section that is oc-
cupied by the bubble 
moves towards the wall, 
when the bubble passes 
through the sensor plane, 
even if the bubble itself 
Fig. 10.5 Lateral profiles of the simulated measured axial liquid velocity at selected 
axial positions up- (left) and downstream (right) of the obstacle and bars 
for the systematic error caused by acceleration / deceleration, assessed 
on basis of the CFX pre-test calculation, test run 074, JL = 1.017 m/s, 
JG = 0.0368 m/s 
Fig. 10.6 Distribution of the lateral velocity along a 
diameter of the pipe oriented perpendicularly 
to the linear edge of the half-moon shaped 
obstacle for two different upstream distances, 
liquid velocity varied, JG = 0.0898 m/s 
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moves in a vertical direction parallel to the z-axis. The resulting velocities are in the 
order of 0.1 - 0.2 m/s, as shown in Fig. 10.6. 
The same figure contains profiles of the lateral velocity component perpendicular to 
the linear edge of the obstacle for z = -40 mm, where a strong lateral movement of 
the fluid from the obstructed towards the non-obstructed side is present. These real 
lateral velocities are significantly higher than the error caused by the systematic 
bubble deformation effect. 
 
11. Conclusions 
A novel technique to study the two-phase flow field around an asymmetric diaphragm 
in a vertical pipe is presented, that allows producing data for CFD code validation in 
complex geometries. Main feature is a translocation of the diaphragm to scan the 3D 
void field with a stationary wire-mesh sensor. Besides the measurement of time-
averaged void fraction fields, a novel data evaluation method was developed to 
extract estimated liquid velocity profiles from the wire-mesh sensor data. The flow 
around an obstacle of the chosen geometry has many topological similarities with 
complex flow situations in bends, T-junctions, valves, safety valves and other 
components of power plant equipment and flow phenomena like curved stream lines, 
which form significant angles with the gravity vector, flow separation at sharp edges 
and recirculation zones in their wake are present. It is the goal of the ongoing CFD 
code development to accurately model such phenomena in a two-phase flow. 
Therefore, the experiments provide a good basis for the test and the validation of the 
codes and their underlying multiphase flow and turbulence models. Due to the 
generalizing capability of CFD codes, that can adapt to different geometric boundary 
conditions by the mesh generation, a successful validation on the kind of obtained 
experimental data guarantees the applicability of the code to other equally complex 
flow fields. 
A pre-test calculation carried out by ANSYS CFX 10.0 resulted in a good agreement 
with the experiment in terms of all significant qualitative details of the void fraction 
and liquid velocity distributions. The structure and the geometry of the entire flow field 
in general as well as the dimensions of recirculation and stagnation zones in 
particular were predicted in good agreement with the experiment. The fact that for the 
time being a simple mono-disperse bubbly flow was assumed, lead to an 
overestimation of void fractions especially in the wake of the obstacle, while the 
velocity profiles are matching better. It is planned to continue with post-test 
calculations in order to achieve a better quantitative agreement by using measured 
bubble-size distributions from the region upstream of the obstacle as inlet boundary 
condition and in a further step by applying the inhomogeneous MUSIG model for the 
prediction of bubble size distribution and bubble coalescence. The experimental data 
will be used to validate this recently developed and implemented model against 
detailed bubble size and bubble scale resolved void fraction measurements. 
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13. Nomenclature and indexes 
13.1 Symbols 
Sign Unit Denomination 
A m2 area 
a - weight factor 
b - matrix of bubble numbers 
C - calibration factor 
cx, cy mm constants 
D mm diameter 
Dequ mm volume-equivalent bubble diameter 
Dxy mm bubble diameter in the horizontal (xy) plane 
Δ - difference 
f Hz frequency of  measurements 
H %/mm frequency of occurrence 
i, j, k - numeric indexes 
J m/s superficial velocity 
L m length 
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n - bubble number 
p MPa pressure 
T °C temperature 
t s time 
V m³ volume 
v, w m/s velocity 
x, y mm co-ordinates 
z ms or mm co-ordinates 
ε, eps % volumetric gas fraction 
 
13.2 Indices and abbreviations 
Sign Denomination 
air air 
bub bubble 
CFD computational fluid dynamics 
CFX CFD software 
CM centre of mass 
cr criterion 
DN nominal diameter 
equ equivalent 
FZD Forschungszentrum Dresden-Rossendorf 
G gas 
inj injection 
L liquid 
max maximal 
MB marker bubble 
meas measurement 
MUSIG Multi Bubble Size Group Model (CFX) 
S saturation 
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A.1 Nomenclature of the files 
During record of experimental data and data evaluation are created files with the 
following nomenclature: 
 NNN_DDD_VVV_Igel_m008_lcc_aaab_x.1x64x64.pkt.typ; 
The letters encrypted in the following way: 
NNN - identification of the measuring run (L11-air; D14-steam), 
DDD - inner diameter of the pipe in mm – to classify the big or the small test 
section, here the identifier 195 or 200 means 193.7 mm, 
VVV - construction of the test section, in this case VTS for vertical test section, 
Igel - describes the kind of gas injector, see Fig. 4.5, 
m008 - middle injection with orifices of 0.8 mm diameter, 
l - stands for t – temperature or p – pressure, 
cc - if l is t, then cc shows the middle temperature in °C, otherwise it’s the 
pressure in bar, 
aaa - distance between the obstacle and the wire-mesh in mm, 
b - + or -, see chapter 5, 
x - this position is only important for measurements with 2 sensors, 
1x64x64 - one high temperature sensor with 64 to 64 wires was used, 
pkt - measuring point, according to Tab 5.1, 
typ - file type, see Tab. A1. 
 
Tab: A1: Description of file types for the experiments with the movable obstacle 
file type description standard 
*.a geometrical properties of the identified bubbles (see sec-
tion A.2) 
text 
*.av2 lateral bubble velocity components (see section A.7) text 
*.b bubble identification number binary 
*.eps_bub time-averaged void fraction in the form of cross sections 
decomposed according to bubble size classes (see sec-
tion A.3) 
text 
*.epsr time-averaged void fraction for the 3260 crossing points of 
the sensor (see section A.4) 
text 
*.epsrad80 time-averaged void fraction relating to 80 toroidal sections 
(see section A.4) 
text 
*.epsxy time-averaged void fraction in terms of cross section (see 
section A.4) 
text 
*.his bubble size distributions (see section A.5) text 
*.mes measuring data without any calibration or evaluation binary 
*.uw calibration matrix text 
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*.v void fraction distribution between 0 – 100 % binary 
*.vel time-averaged liquid velocity distribution (see section A.6) text 
 
A.2 Geometrical properties of the bubbles 
This file contains a table of geometrical properties sort by bubble numbers with the 
following entries: 
bb - bubble identification number, 
im, jm, km - centre of gravity of the bubble in i – flow direction and j, k – cross 
section plane, 
ifront, jfront 
kfront - coordinates of the beginning of the bubbles, 
iback, jback 
kback - coordinates of the end of the bubbles, 
mi, mj, mk - momentum of the bubbles in i – flow direction and j, k – cross section 
plane, 
mr - momentum related to the radius, 
max - maximum of the void fraction per bubble, 
v - volume of the bubble, 
r - radius of a volume-equal sphere (see eq. 4), 
n - number of elements of a bubble, 
deps - part of the void fraction of the current bubble in the total flow volume, 
rxymax - maximum radius of the bubble in cross section plane (see eq. 6). 
 
A.3 Void fraction distributions decomposed according to bubble size classes 
Based on the theory of data evaluation described in section 7.4 the corresponding 
results are listed in text files. Depends on the number of bubble classes, setting in 
the data evaluation software, these files contain tables of time-averaged void fraction 
values over the cross section plane. Using these tables and special visualisation 
software, Fig. 8.2 shows lateral and longitudinal views along the diameter of the tube, 
in this case for 4 bubble classes. 
 
A.4 Void fraction distribution 
As aforementioned in Tab. A.1, in general there are three files with void fraction 
distributions for the total flow. All files contain time-averaged values in various kinds 
of presentation. The *.epsr files supply information about any of the crossing points 
with his distance from the centre of the sensor. The *.epsrad80 files show the void 
fraction distribution averaged not only for the time frames but also over 80 toroidal 
areas divided the measuring plane. It will be used to generate radial distributions. 
The *.epsxy files present an overview about the flow. They contain data about all 
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crossing points of the sensor 
arranged according to their 
position in the measuring plane.  
Fig. A.1 exemplify a radial void 
fraction distribution for the mea-
suring point 97 at the farthest 
height position upstream the ob-
stacle. It shows a typical distribu-
tion for a bubbly flow with a wall 
maximum. 
 
 
A.5 Bubble size distributions 
These files contain time and cross section averaged bubble size distributions in table 
form related to the bubble diameter. There are two kinds of distributions: firstly 
arranged according to a fixed width of the bubble classes equal to 0.25 mm and 
secondly for a width of bubble classes evaluated in a logarithmic way. The first kind 
is better for theoretical analyse and the second – for visualisation. The number of 
rows in these files depends on the maximum bubble size. 
 
Fig. A.2 Bubble size distributions (JL=1.6 m/s, JG=0.09 m/s) for the air-water test 
097 at the farthest and nearest distance upstream (-) and downstream (+) 
of the obstacle related to xy diameters 
At the first row the table contains a head which identifies the content of the columns. 
For these experiments they have the following meanings: 
d minimum diameter of the size class and maximum diameter of the 
previous one [mm], 
hdxy volume gas fraction represented by the current bubble class divided to the 
width of it [%/mm], 
hdrelxy normalized bubble size distribution (void fraction related) [1/mm], 
 
Fig. A.1: Radial void fraction distribution, 
point 97, JL = 1.6 m/s, JG = 0.09 m/s, 
height: 520- 
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hdnxy number of bubbles represented by the bubble class divided by the width of 
the class and the measuring time (10 s) [1/s*mm]. 
Here xy means that the distributions were calculated in consideration of the 
maximum square-equivalent bubble diameter in cross section of the tube (example 
see Fig. A.2, hdxy related to d). 
Additionally, this kind of files supplies 3 bubble size distributions (hdv, hdrelv, hdnv) 
related to the volume-equivalent bubble diameter. Because these measurements 
were carried out only with one sensor, there are not radial velocity distributions for 
the gas phase. In this case the algorithm, that estimates the volume-equivalent bub-
ble diameter, uses the time as the third coordinate in flow direction (see section 7.2). 
A.6 Liquid velocity distribution 
The algorithm for estimation of the liquid velocity, described in section 7.3, generates 
files which contain a matrix of velocity values for all crossing points of the sensor 
arranged according to their position in the measuring plane. Using this data of all 
available height positions, it is possible to create lateral and longitudinal views of the 
flow, as illustrated in Fig. 8.1. For the longitudinal views are interpolated between the 
velocity values of the cross sections along the diameter of the tube orthogonal to the 
straight edge of the half-moon diaphragm. 
A.7 Lateral bubble velocities 
Furthermore, using wire-mesh sensor data, it is possible to assess lateral compo-
nents of local gas velocities (see section 7.5). The appropriate program generates a 
text file with 6 matrixes: The 1st and the 2nd contain tables of the velocity components 
in x direction for bubbles bigger and smaller than a limit bubble diameter respectively. 
In this case the limit was the Tomiyama diameter, which is relevant for the lift force. 
The 3rd and 4th contain the same information but in y direction and the 5th and 6th 
show the lateral velocity components in x and y direction averaged for all bubbles. 
Using this kind of files a special visualisation program makes pictures like in Fig. 8.10 
or Fig.8.11. 
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B.1 Time averaged void fraction and liquid velocity distributions up- and 
downstream of the obstacle for air-water test runs at ambient conditions 
 
 
Fig. B.1 Test run 069, JL = 0.102 m/s, JG = 0.0368 m/s (at injection position) 
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Fig. B.2 Test run 072, JL = 0.405 m/s, JG = 0.0368 m/s (at injection position) 
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Fig. B.3 Test run 074, JL = 1.017 m/s, JG = 0.0368 m/s (at injection position) 
Attachment B: Void fraction and liquid velocity distributions 
 
 63
 
Fig. B.4 Test run 075, JL = 1.611 m/s, JG = 0.0368 m/s (at injection position) 
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Fig. B.5 Test run 080, JL = 0.102 m/s, JG = 0.0574 m/s (at injection position) 
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Fig. B.6 Test run 083, JL = 0.405 m/s, JG = 0.0574 m/s (at injection position) 
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Fig. B.7 Test run 086, JL = 1.611 m/s, JG = 0.0574 m/s (at injection position) 
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Fig. B.8 Test run 091, JL = 0.102 m/s, JG = 0.0898 m/s (at injection position) 
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Fig. B.9 Test run 094, JL = 0.405 m/s, JG = 0.0898 m/s (at injection position) 
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Fig. B.10 Test run 096, JL = 1.017 m/s, JG = 0.0898 m/s (at injection position) 
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Fig. B.11 Test run 097, JL = 1.611 m/s, JG = 0.0898 m/s (at injection position) 
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Fig. B.12 Test run 108, JL = 1.611 m/s, JG = 0.14 m/s (at injection position) 
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Fig. B.13 Test run 118, JL = 1.017 m/s, JG = 0.219 m/s (at injection position) 
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Fig. B.14 Test run 140, JL = 1.017 m/s, JG = 0.534 m/s (at injection position) 
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Fig. B.15 Test run 151, JL = 1.017 m/s, JG = 0.835 m/s (at injection position) 
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B.2 Time averaged void fraction and liquid velocity distributions up- and 
downstream of the obstacle for steam-water test runs at 6.5 MPa 
 
 
Fig. B.16 Test run 069, JL = 0.102 m/s, JG = 0.0368 m/s (at injection position) 
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Fig. B.17 Test run 072, JL = 0.405 m/s, JG = 0.0368 m/s (at injection position) 
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Fig. B.18 Test run 074, JL = 1.017 m/s, JG = 0.0368 m/s (at injection position) 
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Fig. B.19 Test run 075, JL = 1.611 m/s, JG = 0.0368 m/s (at injection position) 
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Fig. B.20 Test run 080, JL = 0.102 m/s, JG = 0.0574 m/s (at injection position) 
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Fig. B.21 Test run 083, JL = 0.405 m/s, JG = 0.0574 m/s (at injection position) 
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Fig. B.22 Test run 086, JL = 1.611 m/s, JG = 0.0574 m/s (at injection position) 
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Fig. B.23 Test run 091, JL = 0.102 m/s, JG = 0.0898 m/s (at injection position) 
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Fig. B.24 Test run 094, JL = 0.405 m/s, JG = 0.0898 m/s (at injection position) 
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Fig. B.25 Test run 096, JL = 1.017 m/s, JG = 0.0898 m/s (at injection position) 
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Fig. B.26 Test run 097, JL = 1.611 m/s, JG = 0.0898 m/s (at injection position) 
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Fig. B.27 Test run 108, JL = 1.611 m/s, JG = 0.14 m/s (at injection position) 
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Fig. B.28 Test run 118, JL = 1.017 m/s, JG = 0.219 m/s (at injection position) 
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Fig. B.29 Test run 140, JL = 1.017 m/s, JG = 0.534 m/s (at injection position) 
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Fig. B.30 Test run 151, JL = 1.017 m/s, JG = 0.835 m/s (at injection position) 
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C.1 Time averaged void fraction distributions decomposed in bubble-size 
classes up- and downstream of the obstacle for air-water and steam-water 
test runs 
 
Fig. C.1 Air-water test run 069, JL = 0.102 m/s, JG = 0.0368 m/s (at injection 
position) 
 
 
Fig. C.2 Steam-water test run 069, JL = 0.102 m/s, JG = 0.0368 m/s (at injection 
position) 
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Fig. C.3 Air-water test run 072, JL = 0.405 m/s, JG = 0.0368 m/s (at injection 
position) 
 
 
Fig. C.4 Steam-water test run 072, JL = 0.405 m/s, JG = 0.0368 m/s (at injection 
position) 
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Fig. C.5 Air-water test run 074, JL = 1.017 m/s, JG = 0.0368 m/s (at injection 
position) 
 
 
Fig. C.6 Steam-water test run 074, JL = 1.017 m/s, JG = 0.0368 m/s (at injection 
position) 
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Fig. C.7 Air-water test run 075, JL = 1.611 m/s, JG = 0.0368 m/s (at injection 
position) 
 
 
Fig. C.8 Steam-water test run 075, JL = 1.611 m/s, JG = 0.0368 m/s (at injection 
position) 
 
Attachment C: Void fraction distributions decomposed in bubble-
size classes 
 
 94
 
Fig. C.9 Air-water test run 080, JL = 0.102 m/s, JG = 0.0574 m/s (at injection 
position) 
 
 
Fig. C.10 Steam-water test run 080, JL = 0.102 m/s, JG = 0.0574 m/s (at injection 
position) 
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Fig. C.11 Air-water test run 083, JL = 0.405 m/s, JG = 0.0574 m/s (at injection 
position) 
 
 
Fig. C.12 Steam-water test run 083, JL = 0.405 m/s, JG = 0.0574 m/s (at injection 
position) 
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Fig. C.13 Air-water test run 086, JL = 1.611 m/s, JG = 0.0574 m/s (at injection 
position) 
 
 
Fig. C.14 Steam-water test run 086, JL = 1.611 m/s, JG = 0.0574 m/s (at injection 
position) 
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Fig. C.15 Air-water test run 091, JL = 0.102 m/s, JG = 0.0898 m/s (at injection 
position) 
 
 
Fig. C.16 Steam-water test run 091, JL = 0.102 m/s, JG = 0.0898 m/s (at injection 
position) 
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Fig. C.17 Air-water test run 094, JL = 0.405 m/s, JG = 0.0898 m/s (at injection 
position) 
 
 
Fig. C.18 Steam-water test run 094, JL = 0.405 m/s, JG = 0.0898 m/s (at injection 
position) 
 
Attachment C: Void fraction distributions decomposed in bubble-
size classes 
 
 99
 
Fig. C.19 Air-water test run 096, JL = 1.017 m/s, JG = 0.0898 m/s (at injection 
position) 
 
 
Fig. C.20 Steam-water test run 096, JL = 1.017 m/s, JG = 0.0898 m/s (at injection 
position) 
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Fig. C.21 Air-water test run 097, JL = 1.611 m/s, JG = 0.0898 m/s (at injection 
position) 
 
 
Fig. C.22 Steam-water test run 097, JL = 1.611 m/s, JG = 0.0898 m/s (at injection 
position) 
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Fig. C.23 Air-water test run 108, JL = 1.611 m/s, JG = 0.14 m/s (at injection position) 
 
 
Fig. C.24 Steam-water test run 108, JL = 1.611 m/s, JG = 0.14 m/s (at injection 
position) 
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Fig. C.25 Air-water test run 118, JL = 1.017 m/s, JG = 0.219 m/s (at injection 
position) 
 
 
Fig. C.26 Steam-water test run 118, JL = 1.017 m/s, JG = 0.219 m/s (at injection 
position) 
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Fig. C.27 Air-water test run 140, JL = 1.017 m/s, JG = 0.534 m/s (at injection 
position) 
 
 
Fig. C.28 Steam-water test run 140, JL = 1.017 m/s, JG = 0.534 m/s (at injection 
position) 
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Fig. C.29 Air-water test run 151, JL = 1.017 m/s, JG = 0.835 m/s (at injection 
position) 
 
 
Fig. C.30 Steam-water test run 151, JL = 1.017 m/s, JG = 0.835 m/s (at injection 
position) 
 
